The influence of H2 0 2 on the U V degradation of the broadly used aminopolycarboxylates E D T A and NTA in aqueous solution was investigated. The photochem ical degradation in the U V /H 2 0 2 process was compared with classical oxidative treatment o f potable water. The German drinking water regulation (Trinkwasserverordnung) was the orientation for all experiments. The Advanced Oxidation Process (A O P) turned out to be superior to the classi cal oxidation processes.
Introduction
In the past few years there has been increasing interest in advanced oxidation processes (AOPs) for water treatm ent [1] . One of these AOPs, the combination of H20 2 and ultraviolet irradiation, is known to have a high potential for the degrada tion of organic m atter of natural and anthropo genic origin. To date only the degradation of some anthropogenic water contaminants, mostly of non ionic character like halogenated hydrocarbons and pesticides, has been investigated. This study fo cusses on the behavior of the chelating agents ED TA and NTA.
There is great environmental interest in these substances because they are found in nearly all G erm an rivers and lakes that are close to human habitation or receive industrial waste water. In lake Constance water concentrations range from 1.3 to 4.9 /ig/L EDTA and 0.5 to 0.6 //g/L NTA. The contributaries show about the tenfold concen trations and in the river Rhine average values up to 50 //g/L EDTA have been found [2, 3] , * Reprint requests to Prof. Dr. E H. Frimmel.
The microbial degradation of EDTA obtained by A lder et al. was relatively poor and took place only under very special conditions [4] . Brauch and Schullerer observed fast breakthrough of EDTA and NTA in activated carbon filters. They also found that treatm ent with chlorine or other disin fectants did not result in any significant degrada tion of ED TA [5] , Only with ozone there was sig nificant EDTA and NTA degradation measured by Gilbert and Beyerle [6 ] .
As a consequence, there is great interest in studying the ability of AOPs to degrade this class of organic substances. The free uncomplexed forms of ED TA and NTA used in the experiments reflect the situation in aquatic systems in a much better way than the rapidly decomposing ironcomplexes. It was found by others that the pre dom inant complexes of EDTA and NTA in sur face waters are those of Ca2+, Zn2+ and Cu2+ [7] ,
The objectives of this work were: (1) to investi gate the possibility of degrading EDTA and NTA photochemically in the U V /H 2 0 2 -process, (2) to determ ine the rate constants for the reactions and (3) to calculate the steady state concentrations of the OH-radicals under water treatm ent-oriented conditions. 0932-0776/95/1200-1845 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved. 
Experimental methods and calculation

Analysis
EDTA and NTA concentrations were m easured using reversed-phase HPLC [8 ] , Before passing the column (Merck LiChrospher 100 RP C 18, 5 /um 250-4) the aminopolycarboxylates were con verted to their iron(III) complexes with ferric nitrate. For the mobile phase 100 mg F e (N 0 3)3, 0.5 g tetrabutylammonium nitrate and 8.5 mL 1 N nitric acid were dissolved in bidistilled water to one liter.
The concentration of H 2 0 2 was determ ined using the method of Eisenberg [9] : 5 mL of the sample were acidified with hydrochloric acid, and 1 mL of titanium tetrachloride dissolved in concen trated hydrochloric acid was added. These samples were filled up to 25 mL with bidistilled water. The spectral absorption of the formed titanium peroxo complex was quantified in a photom eter at A = 415 nm. The extinction coefficient of the titanium peroxo complex was measured to be e(A = 415 nm) = 723 +/-18 L (mol cm )'1. A bsolute concen trations of F120 2 were calculated according to the law of Lambert and Beer.
The oxygen concentration was m easured elec tronically by oxygen electrodes (WTW. OXI 530).
The pH value was m easured with a glass electrode (WTW, pH 521).
The flux of photons was estimated by uranyl ox alate actinometry. This actinom eter was prepared according to the method of Braun et al. [10] .
A Milton Roy Spectronic 1201 UV/vis spectral photom eter was used for measuring the spectral absorption of the solutions at the irradiation wave length. Solutions containing no H 2 0 2 were m eas ured in a quarz cell with 1 0 cm pathlength and at somewhat higher EDTA and NTA concentrations than used in the experiments. This procedure was necessary to measure in a useful range of the spec trometer. 
Chemicals
Reactor system
The system used is given in Fig. 1 . The solution was thoroughly stirred in the reservoir from which the samples were taken. A rotary pump (PTFE type) was used to transport the solution into the photoreactor. Oxygen concentration, pH value and flow were m easured by continuously working meters. The reactor (high-grade steel tube) had a low-pressure mercury vapor lamp (Katadyn) axi ally arranged. The optical path length for the solu tion passing through the reactor tube was 0.75 cm. The power output at A=254 nm (measured by acti nom etry) was 14.5 W or 47.6 /^Einstein (L s)'1. The emission of the lamp at 1=185 nm was absorbed in the quartz tube separating the lamp from the solution. The solution was equilibrated with fil tered air to achieve oxygen saturation. The model w ater used was unbuffered and demineralized.
The glasreactors, a "M erry-Go-Round" photo reactor and a tube photo reactor used for com par ing experiments were described elsewhere [1 1 , 1 2 ]. In the through-flow reactor used ( Fig. 1) , only a fraction of the whole solution was irradiated. TTie other part was stirred in the nonradiated reservoir. As a consequence, the total volume (Vtot) of the solution had an influence on the measured rate of degradation (ksys). Of special interest was the effective kinetics (keff) of the reaction taking place in the photoreactive zone (the irradiated volume, Vir). The hypothesis was used that the photochem ical reaction only takes place in the irradiated zone and that dark reactions in the reservoir play no significant role. To derive keff from ksys, ksys was multiplied with the ratio R v which was 4.5 for the system applied (1 ): 3000 mL/667 mL = Vtnt/Vir = 4.5 = R v ( 1 )
Calculation
The validity of this approach was proven by a set of experiments using different total volumes of solution. The results are shown in Fig. 3 . The calculated Rv value of that correlation is 4.4 +/-0.1.
In the following diagrams the concentrations of the aminopolycarboxylates are shown as a funktion of teff. These results turned out to be valid for degradation yields <80% during one run through the irradiated zone. To determ ine the rate constant for higher con versions, it is necessary to know the extinction co efficients and quantum yields of the organic pro ducts. Usually these data are not available. Using the m ethod of small am ounts of conversion has the advantage that the influence of the degrada tion products can be ignored. When the light ab sorption in the photoreactor is smaller than 0 .1 , Equations (2) to (4) can be applied:
All of our experiments were carried out in the absorption range A < 0.1, so that the quantum yields were not affected by spectral absorption ef fects resulting from the algorithm chosen. For higher spectral absorbances (A > 2) the degradation rate becomes independent of the concentration of the aminopolycarboxylates in the solution. In the range 2 > A > 0.1 the mathematical description of the reaction is rather complex.
The rate constant of degradation was calculated by fitting a linear regression for the logarithm of the concentration ratio versus the effective irradiation time (teff= t/Rv ) (Eq. (4)). The value of the slope is keff. In all cases the assumed level of confidence was higher than 97%.
For technical application of a photoreactor, the quantum yield of the degradation is informative. It can be calculated according to Eq. (5), which can be derived from Eq. (2) . It has to be kept in mind that at high spectral absorbances the concentrations of the dissolved substances are of influence on the values of the quantum yield.
The initial concentrations of the polycarboxylates (CQ) were determined by HPLC as described above. The absorbance (A) at the initial concentrations were measured to estimate the number of the ab sorbed photons (Pabs) according to Eq. (6 ).
Results and Discussion
General considerations
Photolysis was perform ed at different initial concentrations of EDTA and NTA. Table la, b shows that there was no clear change in the quantum yield for the applied concentration range (6.8-102 //mol/L EDTA and 20-103 //mol/L NTA). Figure 3 shows a significant synergistic photo chemical effect for the EDTA degradation at the initial concentration of 0.5 mmol/L H 2 0 2. This is the maximum H 2 0 2 concentration allowed by Germ an law for treatm ent of potable water [13] . 
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1.51 8 6 1.28 103 1.70 absence of H 2 O z are also given. The rate constant of the combined oxidation reaction (AOP) is nine times higher than the sum of the single processes. This supports the use of AOPs in potable water treatm ent. Fig. 4 compares the results for the ap plication of the UV stimmulated oxidation of ED TA with H 2 0 2 with the classical oxidants Cl2 and 0 3 used in water treatment. All concentra tions of the oxidants were chosen according to the maximum allowed values of the Germ an drinking water regulation [13] . The comparison shows that the degradation with UV/H20 2 is by far the fastes one.
In Fig. 5 , the effect of the H 2 0 2 initial concen tration on the degradation is given. The degrada tion rate increases with increasing concentration of H 2 0 2. All degradations are of pseudo first-order kinetics.
The comparison of the degradation rates of the photolysis of EDTA and its oxidation by UV/ H 2 0 2 leads to the conclusion that the photolysis can be ignored in the photochemical degradation using high concentrations of H 2 0 2. This can be ex plained by the following facts:
The num ber of photons absorbed by the chemi cals is related to their spectral absorption (A). Comparing the absorption of H 2 0 2 and EDTA the product of C0 and e of each substance is the deter mining value. Because the optical path length is equal for both substances, ( C 0£ ) H,c b ^ ( C 0£ ) e d t aTherefore, the light-induced reaction pathway lead ing to OH-radicals accounts for a higher degrada tion of the aminopolycarboxylates than the photoly sis, especially for C0(H 2 O2) > 0.3 mmol/L. 
M odel kinetics
It is reasonable to assume that the degradation of EDTA depends on the concentration of the oxi dants in the solution. Therefore Eq. (7) can be used:
For the experim ents with different initial con centrations of H 2 0 2: C ( 0 2) = const, and for each specific reaction holds:
C (H 2 0 2) = C0 (H 2 0 2) = const. Therefore Eq. 
In the logarithmic form of (Eq. (10) (12) Figure 6 shows the comparison of the calculated curve and the experim ental data. Even though it is not possible to obtain information on the reaction mechanisms with this model, it is useful to predict the kinetics of the degradation in a photoreactor using similar aqueous solutions and a low-pressure mercury lamp of known photon flux.
Calculation o f the O H -radical concentration
The acceleration of the degradation processes decreases with increasing H 2 0 2 concentration. The reason for this phenom enon is the generation of hydroxyl radicals by the photolysis of H 2 0 2. If these radicals are produced in higher concentra tions, they tend to recombine or to react according to the scheme of H aber and W illstätter [14] . This is especially favorable for concentrations of the aminopolycarboxylates (< 3-10'5 mol L 1) lower than the lowest concentration of hydrogen perox ide (1 • 10-4 mol L"1). It is possible to calculate the hydroxyl radical concentration for the experi ments described (e(H20 2, 254 nm) = 18.6 L m o l1 c m 1, 0 ( H 2 O 2, 254 nm) = 1 [15] ) using the recom bination of OH-radicals and the Haber-W illstätter scheme. The presence of high concentrations of radical scavengers (butyl chloride) led to degradation rate constants of EDTA similar to those without H20 2 (Table II) . Therefore, it can be deduced, that the hydroxyl radicals were the reactive species, in the UV/H20 2 process. Two different degradation pathways for the aminopolycarboxylates (R) in the UV/H20 2 process have to be considered: hv The dominating kinetics for the degradation of EDTA with the hydroxyl radicals generated from the photolysis of hydrogen peroxide can be de scribed by Eq. (13): dC(EDTA)/dt = kEDTAC(OH ) C(EDTA) (13) In this case, the observed rate constant can be given by Eq. (14) kCff -^edta C(OH-) (14) As a consequence a differential equation can de scribe the photochemical formation of hydroxyl rad icals and their consumption through chemical reac tions in the investigated system Eq. (15):
OH + OH -* H
The assumption of a steady-state concentration of the hydroxyl radicals in the irradiated zone is re flected in Eq. (16) The same calculation can be done for NTA. The results for the observed data are given in Table Ilia and Illb.
C0 (E D T A ) [wmol L _1]
c0(H2o2) The degradation rate (kcff) versus the concen tration of the hydroxyl radicals is shown in Fig. 7 for EDTA and in Fig. 8 for NTA and seems to be a linear correlation. However it has to be kept in mind, that an additional increase of the hydroxyl radical concentration by the increase of hydrogen peroxide initial concentration is limited for reasons described above (Fig. 6 ).
Influence of the Iron(III) Ions on the Photodegradation
The quantum yields of combined oxidative de gradations (AOP) of the chelators are shown in Table Ilia and Illb. For low concentrations, quantum yields higher than 1 were obtained. This is usually explained by a chain reaction. Regarding the experimental data for the photolysis in the ab sence of H 2 0 2 in Fig. 5 , it can be seen that the gradient of the curve increases steadily. This autocatalytic effect can only be observed at very low concentrations of H 2 0 2 (C0 (H 2 O 2) < 0.1 mmol/L). To prove the autocatalytic effect, experiments were done with two all glas laboratory scale reac tors as system controll: (a) a "m erry-go-round" type and (b) a photo reactor tube with circulating solution. No quantum yields larger than 1 were observed (Table IV) in the lower concentration range of H 2 0 2. A t higher H 2 0 2 initial concentra tions, the same results as in the technical scale re actor were obtained. In the technical scale reactor the solution was in contact with high-grade steel. To check a possible dissolution, the iron concen trations were measured in the experiments. There was a clear increase with increasing reaction time, which can be explained by corrosion processes (Table V) . The same tendency was observed for the photodegradation reactions of NTA as was ex pected. As a consequence a new experim ent was carried out. EDTA was decomposed photolytically and the samples were taken in very short intervalls. The quantum yield calculated from this experim ent was in the same range as the quantum yields calculated from the experiments carried out in the two laboratory glass reactors. This leads to the conclusion that the observed quantum yields higher than 1 were very likely artifacts caused by iron ions. In this context it should be kept in mind, that the influence of iron is not caused by a Fenton-type-reaction but by a intracomplex photode carboxylation of Fe(III)ED TA . The molar extinc tion coefficient of the ferric aminopolycarboxylate complexes (e(FeEDTA, 254 nm) = 7890 L mol"1 c m 1; e(FeNTA, 254 nm) = 4590 L mol"1 cm '1) is nearly 1 0 0 0 times higher than that of the amino polycarboxylates (e(EDTA, 254 nm) = 10 L mol"1 cm4 ; e(NTA, 254 nm) = 10 L mol' 1 cm '1). There fore the observed iron concentrations have a great influence, especially in reactions with long degra dation times. The data obtained in the different reactor types (Table IV) are in good agreement for the all-glass reactors and for the reactions with high initial concentrations of H 2 0 2, which all had a small sojourn time, and as a consequence no signifficant increase of iron(III)ions. The reactions with NTA lead to the same results. More details on the degradation of ED TA by the combination of UV-light and H 2 0 2 in the presence of iron will be presented in our next publication.
Conclusions
Combination of the application of photoreactors specially designed for potable water disinfection with a chemical oxidant proved to be a useful tool for water treatm ent. The m ethod applied in our system worked very well for the degradation of aminopolycarboxylates in a concentration range between 5 10"5 and 1.25 10'6 mol L '1. This holds also for many other organic pollutants which can not easily be eliminated with classical treatm ent steps. However, the mechanisms of the degrada tion are not totally known. For model solutions with only a limited and well defined num ber of reactants the experim ental results can be ex plained by the known principles of photochemis try. Due to the more complex mixture of raw water photooxidative treatm ent in water plants has to face a broad variety of parallel reactions. Further investigations on the mechanisms involved and on the influence of aquatic background substances will improve the understanding of the U V /H2 0 2 combination and will add prognostic power to the interpretation of the results. The addition of the chemical oxidants has to be optimized with the aim of high reaction efficiency and with respect to maximum allowed concentrations in drinking water treatm ent. Problems have to be expected from poorly designed reactors. This calls for criti cal selection of the materials used. The variety of natural water contaminants and pollutants also in cludes inorganic species. This means there is po tential for a broad spectrum of competing reac tions, which was clearly dem onstrated by the example of the iron.
